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Abstract:

Aims:

This study aimed to prepare and physicochemically evaluate as well as assess the cytotoxicity and stimulation of early osteogenic differentiation of
dental pulp stem cells of gelatin-hydroxyapatite (Gel-HA) fibrous nanocomposite scaffold.

Background:

Recently, the electrospinning approach in nanotechnology has been considered due to its application in the preparation of biomimetic nanofibers
for tissue engineering.

Objective:
The main objective of this study was to evaluate Gel-HA fibrous nanocomposite for regenerative dentistry and bone tissue engineering material.
Methods:

The nano-scaffold was prepared via the electrospinning method. Then, the physicochemical properties (particle size, surface charge, morphology,
hydrophilicity, specific surface area, crystalline state and the characterization of functional groups) and the proliferative effects of nano-scaffolds

on dental pulp stem cells were assessed. The alkaline phosphatase activity was assessed for evaluation of early osteogenic differentiation of dental
pulp stem cells.

Results:

The prepared nano-scaffolds had a negative surface charge (-30 mv+1.3), mono-dispersed nano-scale diameter (98 nm+1.2), crystalline state and
fibrous uniform morphology without any bead (structural defects). The nanofibrous scaffold showed increased hydrophobicity compared to gelatin
nanofibers. Based on Brunauer-Emmett-Teller analysis, the specific surface area, pore volume and pore diameter of Gel-HA nanofibers decreased

compared to gelatin nanofibers. The Gel-HA nano-fibers showed the proliferative effect and increased the alkaline phosphatase activity of cells
significantly (P<0.05).

Conclusion:
The prepared Gel-HA nanofibers can be considered potential candidates for application in bone tissue engineering and regenerative dentistry.

Other:

Gel-HA nanofibers could be a potential material for bone regeneration and regenerative dentistry in the near future.
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1. INTRODUCTION

One of the fundamental clinical problems is the
regeneration of bone defects, and the final aim of studying
biomaterials is the replacement of artificial organs and
repairmen of damaged organs and tissues for restoration of
their physiological function. Furthermore, bone defects remain
challenging for dentists. Finding the perfect materials for the
replacement of bone has long been the focus of bone
regeneration investigation [1]. An ideal solution to the problem
of clinical bone defects is the use of tissue engineering in
which cells, scaffold composite materials, and biological
agents are used to restore bone function and structure [2, 3].

The gold standard for bone regeneration is autografts
because they provide an osteoconductive scaffold, osteogenic
cells, and related growth factors, all of which are required for
new bone growth. Autografts have restrictions on access and
morbidity at the site of harvest. The risk of disease
transmission, potential immunogenicity, and rejection are
limitations of allografts and xenografts [4].

Because of the many problems related to the application of
natural bone for repairing bone defects, some studies have been
performed to find suitable artificial bone material. Artificial
bone substitutes are produced to accurately mimic the
biological properties of natural bone [5, 6]. Different kinds of
synthetic bone materials have been produced for example
organic polymers, metals, and glass ceramics [7 - 9].

Bone marrow mesenchymal stem cells (BMSCs) are
utilized for bone tissue engineering due to their capability to
proliferate and their high potential for osteogenic
differentiation [10, 11]. Nevertheless, BMSCs are difficult to
achieve and invasive. Compared to BMSCs, dental pulp stem
cells (DPSCs) are easy to attain and thus shorten the healing
process of trauma. Furthermore, the financial burden is much
less on patients [12, 13]. DPSCs are an excellent source of
MSC:s for the regeneration of craniofacial bone [14].

Among different types of materials, ceramics due to
brittleness and polymers sometimes due to insufficient
strength, cytotoxicity, and release of undesirable products due
to their destruction have not shown a completely ideal
performance as a bone tissue scaffold [15].

Therefore, composites, which were mostly ceramic
polymers, were introduced as the next generation of these
alternatives due to their special properties such as suitable and
adjustable strength and more reliable performance [16 - 18].
Composite scaffolds made to replace bone tissue often contain
a mineral phase such as hydroxyapatite (HA) or tricalcium
phosphate (TCP) along with a synthetic polymer such as
polylactic acid (PLA), polyglycolic acid (PGA), poly lactic-co-
glycolic acid (PLGA) or natural materials such as collagen,
alginate, and gelatin [19 - 21].

Nanotechnology is the application of material at the
atomic, molecular, and supramolecular scales that are used in
various sciences such as medicine [22]. The preparation of
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membranes based on nanotechnology is considered a complete
bone healer. Nanocomposites, in addition to possessing the
properties of conventional composites, due to having a high
surface area, have more mechanical interaction with the
substrate and in the case of formation of chemical bonds, their
number and therefore their strength will increase. From a
biological point of view, experiments performed on
nanocomposites have shown superior properties in these
materials [23, 24]. HA could mimic the chief mineral element
of the bone. A group of researchers has used the
hydroxyapatite-gelatin combination as a suitable scaffold to
induce ossification [25].

Various methods such as phase separation, self-assembly,
and electrospinning are used to make nanostructured scaffolds
for bone tissue engineering. Electrospinning has emerged as a
promising and versatile method for fabricating nanofiber
scaffolds for bone tissue engineering applications due to its low
cost, simple operation, the production of micro-to-nano scale
fibers, and processing of a wide range of polymers, which
structurally mimic nanofibers of the extracellular matrix in
native bone [26 - 28]. This method is also a capable drug
delivery approach that combines the therapeutic agents in
nonwoven nanofiber networks during the electrospinning
process [29].

In this study, Gel-HA nano-fibers were prepared and the
physicochemical properties, as well as the influence of the
nano-scaffold on DPSCs viability and activity of alkaline
phosphatase (ALP), were tested.

2. MATERIALS AND METHODS

All the materials utilized (gelatin, hydroxylapatite
nanopowder (mean particle size of 100 nm),
dimethylformamide, chloroform) were purchased from Sigma-
Aldrich Co., Germany. Low-passage DPSCs were used for the
biological tests, which were obtained from Shahid Beheshti
University in Iran, Tehran.

2.1. Preparation Method of Nano-Fibrous Scaffold

Gelatin (8% [w/v]) was dissolved in a mixture of
acetone/chloroform  (15/85) using a stirrer.  Then,
hydroxyapatite nanoparticles were added (10% of gelatin
[w/w]) and stirred for 30 minutes at 45°C. The acquired
solution was then electrospun using an electrospinning device
(Nanofanavaran, Mashhad, Iran). The solution was placed in a
vertical form in a capillary tube (a 5-mL syringe). For a
collection of the nano-fibers over the electrospinning jets, a
four-sided fixed collector was used. The electrospinning device
was set as follows: 20 kV voltage, a flow rate of 1.5 mL/h, and
a distance of 10 cm between a capillary tube and a collector

(Fig. 1).
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Fig. (1). The electrospinning process of the prepared scaffold.

2.2. Characterization of Nano-scaffold

The mean size for nanofiber diameter was evaluated by the
Dynamic Light Scattering (DLS) method (Malvern, United
Kingdom). A small piece of the nanofibrous scaffold was
freeze-dried and then 0.1 g of dried powder was weighed and
dispersed in 50 mL deionized water via sonication (amplitude
20%, Power 500 W, reaction time: 20 min) at 25 °C.
Experiments were performed in triplicate.

SEM images (SEM, TESCAN, Warrendale, PA) were
attained to evaluate the morphologic properties of the
electrospun Gel-HA nanofibers. The nanofibers were fixed to
the aluminum parts with adhesive tape and coated with gold
before examining the SEM images.

To evaluate the surface charge of nanofibers, zeta potential
values were assessed by means of a zeta-sizer (Malvern, UK)
at 25 ° C. Experiments were performed in triplicate.

The X-ray diffraction (XRD) method (Philips TW 1710
diffractometer with Cu-Ka incident radiation regulated at 40
kV and 30 mA) was used to compare the crystalline state of the
material components qualitatively. The scan was performed
over the 20 range of 20°-60°, with a scanning rate of 3°/min
for all samples. The diffraction pattern was scanned over
0°-60° 20, at a scanning speed of 2° 20/min.

Moreover, Fourier-transform infrared spectroscopy (FTIR)
(Thermo Nicolet-6700) was used to get the molecular structure
of the nanofibers, in the range 4000400 cm .

The contact angle between a water droplet and the scaffold
surface was also done to assess whether nanofibers are
hydrophobic or hydrophilic. A water droplet was poured onto
the surface of samples (nano-fibrous scaffold and gelatin
nanofibers as control) with a syringe and the whole process
was recorded by a video camera. The images were taken and
the contact angles were determined. Experiments were
performed in triplicate.

In addition, Brunauer-Emmett-Teller (BET) analysis was
applied to define the specific surface area using a BET device
(JW-DA model, JIWGB company- China).

2.3. Cytotoxicity of Scaffolds

Human DPSCs were attained from Shahid Beheshti
University of Medical Sciences in Iran that were extracted
from impacted wisdom teeth. The DPSCs were cultured in
DMEM media (Gibco) with 10% fetal bovine serum (Gibco)
and incubated with 5% CO, at 37°C. For the MTT assay, the
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sterilized nanofibers were cut to 0.32 ¢cm’ to match the well
size in the 96-well plate and wetted with the complete culture,
and then the cells (10,000 per well) were seeded onto the
scaffolds in 200 pL of the medium and the plate incubated for
7 days, then all well’s contents were removed and it was added
200 pl of culture medium containing MTT (2 mg/ml PBS) and
incubated for 4 hours. After, the solution was exchanged with
200 pl of DMSO. Then the absorbance of wells was read by a
plate reader at 570 nm and the cell viability was considered by
[A]test/[A] control x100 [30]. The control was cells grown in
the absence of nanofibers. Experiments were performed in
triplicate.

2.4. Evaluation of ALP Activity

For evaluation of ALP activity, the sterilized nanofibers
were cut to 9.6 cm’ to match the well size in the 6-well plate,
and then the cells (25 x 10*) were seeded onto the scaffolds.
The activity of ALP was evaluated after 14 days in cultured
DPSCs on the scaffolds. To make the lysis buffer, 1.5 M Tris-
HCI and 1 mM ZnCl, and MgCl, 6H,0 were combined and
diluted in 10% dH,0O and 1% Triton X-100 (all materials
purchased from Sigma-Aldrich, St. Louis, MO, USA). Then,
the prepared lysis buffer was poured into each well and
incubated at 37 °C for 30 min before being deposited overnight
at 4 °C. Cell lysates were then transferred into microtubes,
vortexed for 2 min, then centrifuged at 2000 rpm for 5 min.
About 190 pL of p-Nitrophenyl Phosphate as alkaline
phosphatase substrate (18.75 mg pNPP per 10 mL cellular
solution, cat number: 4876, Sigma-Aldrich, St. Louis,
Missouri, United States) was mixed with 10 pL of each cell
lysate in a 96-well microplate. ALP activity absorption at 405
nm was measured using the Cytation STM microplate reader
(BioTek, Winooski, USA). Cells grown in the absence of
nanofibers were used as the control. Experiments were carried
out in triplicate.

2.5. Statistical Analysis

For statistical examination, the one-way ANOVA in the
SPSS 19 software was utilized. The P<0.05 was considered as
statistically significant value.

3. RESULTS

3.1. Scaffold Characterization

The nano-scaffolds had a mono-dispersed nano-scale
diameter of 98 nm+1.2 (Fig. 2a) and a negative surface charge
of -30 mv=1.3 (Fig. 2b). SEM image showed the plate-like (or
sheet-like) morphology for HA nanoparticles (Fig. 3a), the
uniform network-shaped fibrous morphology without any
structural bead for gelatin nanofibers (Fig. 3b), and Gel-HA
nanocomposite (Fig. 3¢), respectively.

The prepared Gel-HA nanofibers displayed a crystalline
state according to XRD peak intensities (Fig. 4a). The FTIR
spectra evaluated the chemical composition of the prepared
Gel-HA nanofibers, and there was no difference between the
absorption bands of the bulk gelatin, HA nanoparticles, and the
scaffold (Fig. 4b).
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Fig. (2). The particle size distribution for the prepared Gel-HA nanofibers (a) and the zeta potential distribution for the prepared Gel-HA nanofibers
(b).
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Fig. (3). The morphology image (SEM) for; HA nanoparticles (a), gelatin nanofibers (b) and Gel-HA nanofibers (c).
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Fig. (4). The XRD peak intensities for the prepared Gel-HA nanofibers (a) displayed a crystalline state and the FTIR spectra for the prepared Gel-HA
nanofibers (b) showed no differences between the absorption bands of the bulk gelatin, HA nanoparticles, and the scaffold.

Table 1. Specific surface area, pore volume and pore
diameter for Gel-HA nanofibers compared to gelatin

nanofibers.
Type of Material |Specific Surface| Pore Volume | Pore Diameter
area (m2/g) (cm3/g) (nm)
Gel nanofibers 285.23 0.15 7.10
Gel-HA nanofibers 220.65 0.09 5.96

The results for the contact angle test showed a contact
angle of 102°+0.1 for the prepared scaffold. The nanofibrous
surface containing HA is then much more hydrophobic
compared to the gelatin nanofibers having contact angles of

75°+0.2.

Table 1 displays the outcomes of the BET test for the
prepared nanofibers. Based on the results, the specific surface
area, pore volume and pore diameter of Gel-HA nanofibers
decreased compared to gelatin nanofibers.

3.2. Cytotoxicity

The viability of DPSCs after culturing with Gel-HA
nanofibers and Gel nanofibers was tested by MTT assay (Fig.
5). After 7 days of incubation, the viability of cells increased
significantly so the examined scaffolds showed the
proliferative effect on DPSCs (P<0.05).
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Fig. (5). Cell viability of cultured DPSCs with Gel-HA compared with the control. The asterisk (*) shows a statistically significant (p <0.05).
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Fig. (6). ALP activity of cultured DPSCs with Gel-HA compared with the control. The asterisk (*) shows a statistically significant (p <0.05).

3.3. ALP Activity

The results of the ALP activity examination on DPSCs
cultured with Gel-HA nanofibers and Gel nanofibers showed a
significant enhancement in the activity of ALP compared with
the control (P<0.05) (Fig. 6). Furthermore, Gel-HA nanofibers
showed a significant enhancement in the activity of ALP
compared with Gel nanofibers (P<0.05).

4. DISCUSSION

Electrospun nanofibers, by providing a three-dimensional
environment, play a role in supporting the growth of cells by

mimicking the body's natural extracellular matrix (ECM). They
are the best choice for biological scaffolds [30].
Electrospinning is a rapidly evolving method that demonstrates
the capability to create a variety of morphologies because of its
performance, simplicity, and flexibility. Processing variables
for the electrospinning procedure including voltage, the
distance of needle-to-collector, flow rate, as well as parameters
of solution such as viscosity, the electrical conductivity of the
solution, and surface tension can control the morphology of
nanofibers [29]. The purpose of optimizing the electrospinning
method is to identify the conditions for preparing nanofibers
with a minimum diameter [31]. The results of other researchers
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displayed that polymeric nanoparticles, lipid nanoparticles,
micelles, nanotubes, efc. can be embedded with nanofibers to
improve various parameters such as drug loading efficiency,
drug safety, release outline, and better fiber performance [32 -
35]. Nanofibers loaded with nanoparticles are similar to coaxial
nanofibers because they retain the drug safe from organic
solvents during the preparation and prolong the delivery period
of the drug [36]. In addition, this method is simpler than
coaxial electrospinning as it utilizes a nozzle. The prepared
nano-fibers in this study showed a mono-dispersed nano-scale
diameter of 98 nm=+1.2, a negative surface charge of -30
mv+1.3, and a uniform network-shaped fibrous morphology
without any structural bead. SEM image also showed the
uniform spreading of HA nanoparticles on the gelatin
nanofibrous matrix of the scaffold and the plate-like (or sheet-
like) morphology for HA nanoparticles. According to Oliveira
et al, the small size, high surface defects, poor crystallinity, and
high surface energy of nuclei during nanoparticles formation
lead to the agglomeration among nuclei to decrease free
energy, and then the formation of sheet-like nanoparticles [37].
In a recent study, the electrospun composite scaffolds of
gelatin-nanohydroxyapatite were prepared. The results showed
uniform dispersion of nanohydroxyapatite on the gelatin
scaffolds for 0%, 10%, 20%, and 30%; however major
agglomeration of nanohydroxyapatite for scaffolds with 40%
nanohydroxyapatite [38].

The surface charge of the nanoparticles has also a key part
of their possessions, especially on their suspension stability.
Ruphuy et al., reported that in addition to the parameters of the
preparation procedure the polymer nature itself has a high
influence on dispersions stability [39]. It has been reported that
the negative zeta potential displays an important hopeful effect
on the attachment and proliferation of osteoblasts than neutral
or positive charges [40, 41]. The net charge of HA
nanoparticles in an aqueous medium is due to the unequal
dissolution of surface ions and may lead to either a net negative
or a net positive surface charge. It is extremely dependent on
the medium pH [39]. In the case of gelatin, ionization of
COOH groups leads to a net negative charge of the gelatin
chains [42].

As can be observed, four index peaks in the 20 range of
26° to 50° (26.2, 32.3, 39.8 and 49.6) have appeared, which
according to the standard pattern of hydroxyapatite are wider
than the pure hydroxyapatite (HA) peaks (according to JCPDS
NO: 09-432), indicating the low crystallinity of hydroxyapatite
in the prepared composites [43]. This can be due to the
amorphous nature of the gelatin and also because of the
nanometer size of the scaffold [44]. Hezma et al. reported
comparable results for  polylactic acid-hydroxy
apatite—curcumin nanocomposites [45].

The FTIR peaks for gelatin at 2900 cm’corresponds to the
tensile vibration of the H-C, the peak at 1640 cm™ is related to
the tensile vibration of the O=C bond of the amide group, and
the peaks at 1490 cm™and 1520 cm™ show the tensile vibration
of the H-N bond of the amide group. Phosphate groups show
intensive absorption bands at 560 and 600 cm™ and 1000—1100
cm’. Peaks at 1413.82 cm ' and 1460 cm 'are due to carbonate
groups in the HA [46]. A wide absorption band in the range of
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3439 cm’ is attributed to the presence of water molecules [43].
The FTIR spectra of hydroxyapatite and gelatin are absorbed in
the prepared scaffold. Sharifi et al. reported similar results for
hydroxyapatite—gelatin/curcumin nanofibrous composites [47].

The nanofibrous surface containing HA (contact angle of
102°) showed more hydrophobicity compared to the gelatin
nanofibers (contact angles of 75°).

According to reports, electrospinning of nanoparticles into
nanofibers leads to an increase in the hydrophobicity of the
surface, which is of excessive attention for uses such as
biomedicine. Enhanced hydrophobicity rises from the inherent
roughness of nanofibers formed by their porous structure and
small diameter [48].

Specific surface area, total volume, and size of the pores
for nanofibers show significant influence on cell adhesion,
growth, and proliferation. Therefore, any incorporation of
active substances influenced these processes. There are
different methods to determine the specific surface area for
nanofibers including imaging methods, optical microscopy,
electron microscopy, mercury porosimetry and Brunauer,
Emmett and Teller (BET) analysis. All these methods are
functioning for the determination of specific surface area for
nanofibers; however, the BET method can be powerfully used
for specific surface area determination of nanofibers with pores
diameter of 1.6-10 nm [49]. Li and He prepared ZrO,
nanofibers by electrospinning method and characterize the
specific surface area and total pore volume of nanofibers by the
BET method. According to their results, the prepared
nanofibers showed a large specific surface area of 268.423
cm’/g with a total pore volume of 0.146 cm’/g [50]. Also, the
reason for the reduction of the pore size may be due to the
presence of HA in pores of Gel-HA nanofibers compared to
gelatin nanofibers [51].

Kim and his colleagues have done extensive studies on
gelatin and hydroxyapatite. In one of their studies, they showed
that hydroxyapatite and gelatin composites showed good
morphological and mechanical properties and cellular
responses in vitro in terms of hard tissue regeneration [52]. In
another study from this group, it was found that in vitro,
osteoblastic MG63 cells attached to Gel-HA nanocomposites
proliferate significantly more than their normal form. The
activity of ALP and osteocalcin produced by cells in
nanocomposite scaffolds was significantly higher than in
conventional composite scaffolds [53].

Our results displayed that the Gelatin-hydroxyapatite
fibrous nanocomposite fibers enhanced the early osteogenic
differentiation of cells. Increased activity ALP shows that this
membrane may increase the osteogenic differentiation of
DPSCs on Gelatin-hydroxyapatite fibrous nanocomposite
fibers.

Azami et al. studied nanostructured scaffolds using
hydroxyapatite and gelatin that has a 3D homogeneous
interconnected porous structure with 82% porosity and pore
size of 300 to 500 pm. It has also been revealed that
mechanical indicators are within the range of spongy bones
[54].
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Chen et al. produced core-shell nanofibers of
hydroxyapatite/gelatin-chitosan ~ to  mimic  both  the
microenvironment and the chemical composition of natural
bone and suggested it as a promising material for the
promotion of osteoblast growth in tissue engineering of bone
[55].

In the present study, the prepared nano-scaffolds did not
have a toxic effect, which had a proliferative effect on DPSCs
as well as stimulated early osteogenic differentiation of
DPSCs. Thus, Gel-HA nanofibers can be a capable nano-
scaffold for bone regeneration. A combination of different
materials to decrease the fiber degradation rate is likely to help
increase tissue regeneration. Nevertheless, more in vivo
investigations are essential.

Salifuet al. examined the human fetal osteoblast cells on
gelatin-hydroxyapatite electrospun fiber scaffolds at different
hydroxyapatite concentrations of 0, 10, 20, and 25 wt %. Their
results showed that 25 wt % hydroxyapatite-gelatin scaffolds
led to the greatest cell attachment, proliferation of cells, and
production of ECM [56].

CONCLUSION AND FUTURE OUTLOOKS

Nanotechnology in dentistry is doing its best to apply new
signs of advances in dental practice and tissue engineering.
With the increase of advanced research and a deeper
understanding of electrospinning set-ups, it is likely that future
“smart bone healing devices” capable of treating all features of
bone defects for actual clinical use could be achieved. This
study demonstrated that gelatin-hydroxyapatite fibrous
nanocomposite could be a potential approach for bone
regeneration and regenerative dentistry in the near future.

LIST OF ABBREVIATIONS
Gel-HA = Gelatin-Hydroxyapatite
DPSCs = Dental Pulp Stem Cells
HA = Hydroxyapatite
TCP = Tricalcium Phosphate
PLA = Polylactic Acid
PGA = Polyglycolic Acid
PLGA = Poly Lactic-coglycolic Acid

LIMITATION OF STUDY

The current study specifies the in vitro potential of
mineralized gelatin as a hard tissue implant. The study can be
improved by changing the nanofiber composition. Animal and
human studies are needed for verification of the actual
therapeutic use of this new substance.

AUTHORS' CONTRIBUTIONS

The study was planned by SMD and SSH carried out data
collection. SS, EDA, and RK have been involved in the
research steps or the drafting and revision of the manuscript.
SMD and EDA are the corresponding authors. All authors read
and approved the final manuscript.

Shahi et al.

ETHICS APPROVAL AND
PARTICIPATE

CONSENT TO

The Ethics Committee of the Tabriz University of Medical
Sciences. (IR.TBZMED.VCR.REC.1401.028) approved this
study.

HUMAN AND ANIMAL RIGHTS

No animals/human were used that are the basis of this
study.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The data supporting the finding of this study are available
within the article.

FUNDING

None.

CONFLICT OF INTEREST

Solmaz Maleki Dizaj and Simin Sharifi are on the Editorial
Advisory Board of the The Open Dentistry Journal.

ACKNOWLEDGMENTS

The data of the present study was derived from a thesis
(number 69816), which was supported by the Vice-Chancellor
for Research at Tabriz University of Medical Sciences and the
authors would like to appreciate their support.

REFERENCES

[1] Wubneh A, Tsekoura EK, Ayranci C, Uludag H. Current state of
fabrication technologies and materials for bone tissue engineering.
Acta Biomater 2018; 80: 1-30.
[http://dx.doi.org/10.1016/j.actbio.2018.09.031] [PMID: 30248515]

2] Koons GL, Diba M, Mikos AG. Materials design for bone-tissue
engineering. Nat Rev Mater 2020; 5(8): 584-603.
[http://dx.doi.org/10.1038/s41578-020-0204-2]

[3] Qu H, Fu H, Han Z, Sun Y. Biomaterials for bone tissue engineering
scaffolds: A review. RSC Advances 2019; 9(45): 26252-62.
[http://dx.doi.org/10.1039/C9RA05214C] [PMID: 35531040]

[4] Oryan A, Alidadi S, Moshiri A, Maffulli N. Bone regenerative
medicine: Classic options, novel strategies, and future directions. J
Orthop Surg Res 2014; 9(1): 18.
[http://dx.doi.org/10.1186/1749-799X-9-18] [PMID: 24628910]

[5] Zhao R, Yang R, Cooper PR, Khurshid Z, Shavandi A, Ratnayake J.
Bone grafts and substitutes in dentistry: A review of current trends and
developments. Molecules 2021; 26(10): 3007.
[http://dx.doi.org/10.3390/molecules26103007] [PMID: 34070157]

[6] Govoni M, Vivarelli L, Mazzotta A, Stagni C, Maso A, Dallari D.
Commercial bone grafts claimed as an alternative to autografts:
Current trends for clinical applications in orthopaedics. Materials
(Basel) 2021; 14(12): 3290.

[http://dx.doi.org/10.3390/ma14123290] [PMID: 34198691]

[7] Tran N, Webster TJ. Nanotechnology for bone materials. Wiley
Interdiscip Rev Nanomed Nanobiotechnol 2009; 1(3): 336-51.
[http://dx.doi.org/10.1002/wnan.23] [PMID: 20049801]

[8] Beaman FD, Bancroft LW, Peterson JJ, Kransdorf MJ. Bone graft
materials and synthetic substitutes. Radiol Clin North Am 2006; 44(3):
451-61.

[http://dx.doi.org/10.1016/j.rc1.2006.01.001] [PMID: 16644361]

[9] Ahmadian E, Eftekhari A, Dizaj SM, et al. The effect of hyaluronic
acid hydrogels on dental pulp stem cells behavior. Int J Biol Macromol
2019; 140: 245-54.

[http://dx.doi.org/10.1016/j.ijbiomac.2019.08.119] [PMID: 31419560]


http://dx.doi.org/10.1016/j.actbio.2018.09.031
http://www.ncbi.nlm.nih.gov/pubmed/30248515
http://dx.doi.org/10.1038/s41578-020-0204-2
http://dx.doi.org/10.1039/C9RA05214C
http://www.ncbi.nlm.nih.gov/pubmed/35531040
http://dx.doi.org/10.1186/1749-799X-9-18
http://www.ncbi.nlm.nih.gov/pubmed/24628910
http://dx.doi.org/10.3390/molecules26103007
http://www.ncbi.nlm.nih.gov/pubmed/34070157
http://dx.doi.org/10.3390/ma14123290
http://www.ncbi.nlm.nih.gov/pubmed/34198691
http://dx.doi.org/10.1002/wnan.23
http://www.ncbi.nlm.nih.gov/pubmed/20049801
http://dx.doi.org/10.1016/j.rcl.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16644361
http://dx.doi.org/10.1016/j.ijbiomac.2019.08.119
http://www.ncbi.nlm.nih.gov/pubmed/31419560

Gelatin-hydroxyapatite Fibrous Nanocomposite

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Lin H, Sohn J, Shen H, Langhans MT, Tuan RS. Bone marrow
mesenchymal stem cells: Aging and tissue engineering applications to
enhance bone healing. Biomaterials 2019; 203: 96-110.
[http://dx.doi.org/10.1016/j.biomaterials.2018.06.026]
29980291]

Mauney JR, Volloch V, Kaplan DL. Role of adult mesenchymal stem
cells in bone tissue engineering applications: Current status and future
prospects. Tissue Eng 2005; 11(5-6): 787-802.
[http://dx.doi.org/10.1089/ten.2005.11.787] [PMID: 15998219]

Paino F, La Noce M, Giuliani A, et al. Human DPSCs fabricate
vascularized woven bone tissue: A new tool in bone tissue
engineering. Clin Sci (Lond) 2017; 131(8): 699-713.
[http://dx.doi.org/10.1042/CS20170047] [PMID: 28209631]

Ercal P, Pekozer GG, Kose GT. Dental stem cells in bone tissue
engineering: Current overview and challenges. Adv Exp Med Biol
2018; 1107: 113-27.

[http://dx.doi.org/10.1007/5584 2018 171] [PMID: 29498025]

Lee YC, Chan YH, Hsieh SC, Lew WZ, Feng SW. Comparing the
osteogenic potentials and bone regeneration capacities of bone marrow
and dental pulp mesenchymal stem cells in a rabbit calvarial bone
defect model. Int J Mol Sci 2019; 20(20): 5015-23.
[http://dx.doi.org/10.3390/ijms20205015] [PMID: 31658685]
Vallet-Regi M, Salinas AJ. Ceramics as bone repair materials Bone
repair biomaterials. Elsevier 2019; pp. 141-78.
[http://dx.doi.org/10.1016/B978-0-08-102451-5.00006-8]

Kaur G, Kumar V, Baino F, ef al. Mechanical properties of bioactive
glasses, ceramics, glass-ceramics and composites: State-of-the-art
review and future challenges. Mater Sci Eng C 2019; 104109895
[http://dx.doi.org/10.1016/j.msec.2019.109895] [PMID: 31500047]
Khezri K, Maleki Dizaj S, Rahbar Saadat Y, et al. Osteogenic
differentiation of mesenchymal stem cells via curcumin-containing
nanoscaffolds. Stem Cells Int 2021; 2021: 1-9.
[http://dx.doi.org/10.1155/2021/1520052] [PMID: 34335789]

Sharifi S, Moghaddam FA, Abedi A, et al. Phytochemicals impact on
osteogenic differentiation of mesenchymal stem cells. Biofactors 2020;
46(6): 874-93.

[http://dx.doi.org/10.1002/biof.1682] [PMID: 33037744]
Alizadeh-Osgouei M, Li Y, Wen C. A comprehensive review of
biodegradable synthetic polymer-ceramic composites and their
manufacture for biomedical applications. Bioact Mater 2018; 4(1):
22-36.

[PMID: 30533554]

Bhattarai D, Aguilar L, Park C, Kim C. A review on properties of
natural and synthetic based electrospun fibrous materials for bone
tissue engineering. Membranes (Basel) 2018; 8(3): 62.
[http://dx.doi.org/10.3390/membranes8030062] [PMID: 30110968]
Maleki Dizaj S, Sharifi S, Ahmadian E, Eftekhari A, Adibkia K,
Lotfipour F. An update on calcium carbonate nanoparticles as cancer
drug/gene delivery system. Expert Opin Drug Deliv 2019; 16(4):
331-45.
[http://dx.doi.org/10.1080/17425247.2019.1587408]
30807242]

Ahmadian E, Shahi S, Yazdani J, Maleki Dizaj S, Sharifi S. Local
treatment of the dental caries using nanomaterials. Biomed
Pharmacother 2018; 108: 443-7.
[http://dx.doi.org/10.1016/j.biopha.2018.09.026] [PMID: 30241047]
Singh RP, Singh P, Singh KR. Introduction to composite materials:
Nanocomposites and their potential applications Composite materials.
CRC Press 2021; pp. 1-28.

Hassan T, Salam A, Khan A, et al. Functional nanocomposites and
their potential applications: A review. J Polym Res 2021; 28(2): 36.
[http://dx.doi.org/10.1007/s10965-021-02408-1]

Azami M, Tavakol S, Samadikuchaksaraei A, et al. A porous
hydroxyapatite/gelatin nanocomposite scaffold for bone tissue repair:
In vitro and in vivo evaluation. J Biomater Sci Polym Ed 2012; 23(18):
2353-68.

[http://dx.doi.org/10.1163/156856211X617713] [PMID: 22244095]
Rahmati M, Mills DK, Urbanska AM, et al. Electrospinning for tissue
engineering applications. Prog Mater Sci 2021; 117100721
[http://dx.doi.org/10.1016/j.pmatsci.2020.100721]

Kishan AP, Cosgriff-Hernandez EM. Recent advancements in
electrospinning design for tissue engineering applications: A review. J
Biomed Mater Res A 2017; 105(10): 2892-905.
[http://dx.doi.org/10.1002/jbm.a.36124] [PMID: 28556551]

Gautam S, Sharma C, Purohit SD, et al. Gelatin-polycaprolactone-
nanohydroxyapatite electrospun nanocomposite scaffold for bone
tissue engineering. Mater Sci Eng C 2021; 119111588

[PMID:

[PMID:

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

The Open Dentistry Journal, 2022, Volume 16 9

[http://dx.doi.org/10.1016/j.msec.2020.111588] [PMID: 33321633]
Maleki Dizaj S, Sharifi S, Jahangiri A. Electrospun nanofibers as
versatile platform in antimicrobial delivery: Current state and
perspectives. Pharm Dev Technol 2019; 24(10): 1187-99.
[http://dx.doi.org/10.1080/10837450.2019.1656238]
31424308]

Ghavimi MA, Bani Shahabadi A, Jarolmasjed S, Memar MY, Maleki
Dizaj S, Sharifi S. Nanofibrous asymmetric collagen/curcumin
membrane containing aspirin-loaded PLGA nanoparticles for guided
bone regeneration. Sci Rep 2020; 10(1): 18200.
[http://dx.doi.org/10.1038/541598-020-75454-2] [PMID: 33097790]
Ghavimi MA, Negahdari R, Shahabadi AB, Sharifi S, Kazeminejad E,
Shahi S, et al. Preparation and study of starch/ collagen/
polycaprolactone nanofiber scaffolds for bone tissue engineering using
electrospinning technique. Eurasian Chem Communi 2020; 2(1):
122-7.

[http://dx.doi.org/10.33945/SAMI/ECC.2020.1.12]

Shao S, Li L, Yang G, et al. Controlled green tea polyphenols release
from electrospun PCL/MWCNTSs composite nanofibers. Int J Pharm
2011; 421(2): 310-20.
[http://dx.doi.org/10.1016/j.ijpharm.2011.09.033] [PMID: 21983092]
Tonescu LC, Lee GC, Sennett BJ, Burdick JA, Mauck RL. An
anisotropic nanofiber/microsphere composite with controlled release
of biomolecules for fibrous tissue engineering. Biomaterials 2010;
31(14): 4113-20.
[http://dx.doi.org/10.1016/j.biomaterials.2010.01.098]
20149432]

Ji L, Saquing C, Khan SA, Zhang X. Preparation and characterization
of silica nanoparticulate—polyacrylonitrile composite and porous
nanofibers. Nanotechnology 2008; 19(8)085605
[http://dx.doi.org/10.1088/0957-4484/19/8/085605]
21730729]

Son YJ, Yoo HS. Dexamethasone-incorporated nanofibrous meshes
for antiproliferation of smooth muscle cells: Thermally induced drug-
loading strategy. ] Biomed Mater Res A 2012; 100A(10): 2678-85.
[http://dx.doi.org/10.1002/jbm.a.34197] [PMID: 22619069]

Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell surface,
heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell 1991; 64(4): 841-8.
[http://dx.doi.org/10.1016/0092-8674(91)90512-W] [PMID: 1847668]
de Oliveira RC, Assis M, Teixeira MM, et al. An experimental and
computational study of B-AgVO3: Optical properties and formation of
Ag nanoparticles. J Phys Chem C 2016; 120(22): 12254-64.
[http://dx.doi.org/10.1021/acs.jpcc.6b02840]

Catledge S, Tyagi P, Koopman M, Stanishevsky A, Vohra YKJMOPL.
Electrospun Gelatin/Hydroxyapatite Nanocomposite Scaffolds for
Bone Tissue Engineering. Cambridge University Press 2011; pp. 1-10.
Ruphuy G, Weide T, Lopes JCB, Dias MM, Barreiro MF. Preparation
of nano-hydroxyapatite/chitosan aqueous dispersions: From lab scale
to continuous production using an innovative static mixer. Carbohydr
Polym 2018; 202: 20-8.
[http://dx.doi.org/10.1016/j.carbpol.2018.08.123] [PMID: 30286992]
Lopez-Pérez PM, da Silva RMP, Serra C, Pashkuleva I, Reis RL.
Surface phosphorylation of chitosan significantly improves
osteoblastcell viability, attachment and proliferation. J Mater Chem
2010; 20(3): 483-91.

[http://dx.doi.org/10.1039/B911854C]

Maleki Dizaj S, Lotfipour F, Barzegar-Jalali M, Zarrintan MH,
Adibkia K. Application of Box-Behnken design to prepare
gentamicin-loaded calcium carbonate nanoparticles. Artif Cells
Nanomed Biotechnol 2016; 44(6): 1475-81.
[http://dx.doi.org/10.3109/21691401.2015.1042108]
25950955]

Zinatloo AS, Taheri QN. Effect of some synthetic parameters on size
and polydispersity index of gelatin nanoparticles cross-linked by
CDI/NHS system. J Nanostruct 2015; 5(2): 137-44.

Aslani M, Meskinfam M, Aghabozorg H, Passdar H, Motiee F.
Preparation and characterization of nanocomposite containing
hydroxyapatite via biomimetic method in order to use in bone tissue
engineering. J App Res Chem 2017; 10(4): 41-8.

Yadav N, Srivastava P. In vitro studies on gelatin/hydroxyapatite
composite modified with osteoblast for bone bioengineering. Heliyon
2019; 5(5)e01633

[http://dx.doi.org/10.1016/j.heliyon.2019.e01633] [PMID: 31193071]
Hezma AM, Abdelrazzak AB, El-Bahy GS. Preparation and
spectroscopic investigations of hydroxyapatite-curcumin
nanoparticles-loaded polylactic acid for biomedical application.

[PMID:

[PMID:

[PMID:

[PMID:


http://dx.doi.org/10.1016/j.biomaterials.2018.06.026
http://www.ncbi.nlm.nih.gov/pubmed/29980291
http://dx.doi.org/10.1089/ten.2005.11.787
http://www.ncbi.nlm.nih.gov/pubmed/15998219
http://dx.doi.org/10.1042/CS20170047
http://www.ncbi.nlm.nih.gov/pubmed/28209631
http://dx.doi.org/10.1007/5584_2018_171
http://www.ncbi.nlm.nih.gov/pubmed/29498025
http://dx.doi.org/10.3390/ijms20205015
http://www.ncbi.nlm.nih.gov/pubmed/31658685
http://dx.doi.org/10.1016/B978-0-08-102451-5.00006-8
http://dx.doi.org/10.1016/j.msec.2019.109895
http://www.ncbi.nlm.nih.gov/pubmed/31500047
http://dx.doi.org/10.1155/2021/1520052
http://www.ncbi.nlm.nih.gov/pubmed/34335789
http://dx.doi.org/10.1002/biof.1682
http://www.ncbi.nlm.nih.gov/pubmed/33037744
http://www.ncbi.nlm.nih.gov/pubmed/30533554
http://dx.doi.org/10.3390/membranes8030062
http://www.ncbi.nlm.nih.gov/pubmed/30110968
http://dx.doi.org/10.1080/17425247.2019.1587408
http://www.ncbi.nlm.nih.gov/pubmed/30807242
http://dx.doi.org/10.1016/j.biopha.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30241047
http://dx.doi.org/10.1007/s10965-021-02408-1
http://dx.doi.org/10.1163/156856211X617713
http://www.ncbi.nlm.nih.gov/pubmed/22244095
http://dx.doi.org/10.1016/j.pmatsci.2020.100721
http://dx.doi.org/10.1002/jbm.a.36124
http://www.ncbi.nlm.nih.gov/pubmed/28556551
http://dx.doi.org/10.1016/j.msec.2020.111588
http://www.ncbi.nlm.nih.gov/pubmed/33321633
http://dx.doi.org/10.1080/10837450.2019.1656238
http://www.ncbi.nlm.nih.gov/pubmed/31424308
http://dx.doi.org/10.1038/s41598-020-75454-2
http://www.ncbi.nlm.nih.gov/pubmed/33097790
http://dx.doi.org/10.33945/SAMI/ECC.2020.1.12
http://dx.doi.org/10.1016/j.ijpharm.2011.09.033
http://www.ncbi.nlm.nih.gov/pubmed/21983092
http://dx.doi.org/10.1016/j.biomaterials.2010.01.098
http://www.ncbi.nlm.nih.gov/pubmed/20149432
http://dx.doi.org/10.1088/0957-4484/19/8/085605
http://www.ncbi.nlm.nih.gov/pubmed/21730729
http://dx.doi.org/10.1002/jbm.a.34197
http://www.ncbi.nlm.nih.gov/pubmed/22619069
http://dx.doi.org/10.1016/0092-8674(91)90512-W
http://www.ncbi.nlm.nih.gov/pubmed/1847668
http://dx.doi.org/10.1021/acs.jpcc.6b02840
http://dx.doi.org/10.1016/j.carbpol.2018.08.123
http://www.ncbi.nlm.nih.gov/pubmed/30286992
http://dx.doi.org/10.1039/B911854C
http://dx.doi.org/10.3109/21691401.2015.1042108
http://www.ncbi.nlm.nih.gov/pubmed/25950955
http://dx.doi.org/10.1016/j.heliyon.2019.e01633
http://www.ncbi.nlm.nih.gov/pubmed/31193071

10 The Open Dentistry Journal, 2022, Volume 16

[46]

[47]

(48]

[49]

[50]

[51]

Egyptian Journal of Basic and Applied Sciences 2019; 6(1): 1-9.
[http://dx.doi.org/10.1080/2314808X.2019.1586358]

Vinoth Kumar KC, Jani Subha T, Ahila KG, er al. Spectral
characterization of hydroxyapatite extracted from Black Sumatra and
Fighting cock bone samples: A comparative analysis. Saudi J Biol Sci
2021; 28(1): 840-6.

[http://dx.doi.org/10.1016/j.sjbs.2020.11.020] [PMID: 33424374]
Sharifi S, Zaheri Khosroshahi A, Maleki Dizaj S, Rezaei Y.
Preparation, physicochemical assessment and the antimicrobial action
of hydroxyapatite—gelatin/curcumin nanofibrous composites as a
dental biomaterial. Biomimetics (Basel) 2021; 7(1): 4-12.
[http://dx.doi.org/10.3390/biomimetics7010004] [PMID: 35076470]
Schoolaert E, Cossu L, Becelaere J, ef al. Nanofibers with a tunable
wettability by electrospinning and physical crosslinking of poly(2-n-
propyl-2-oxazoline). Mater Des 2020; 192108747
[http://dx.doi.org/10.1016/j.matdes.2020.108747]

Sirc J, Hobzova R, Kostina N, et al. Morphological characterization of
nanofibers: methods and application in practice 2012.

LiY, He JH. Fabrication and characterization of ZrO , nanofibers by
critical bubble electrospinning for high-temperature-resistant
adsorption and separation. Adsorpt Sci Technol 2019; 37(5-6): 425-37.
[http://dx.doi.org/10.1177/0263617419828268]

Karimzadeh M, Rashidi L, Ganji F. Mesoporous silica nanoparticles
for efficient rivastigmine hydrogen tartrate delivery into SYSY cells.

[52]

[53]

[54]

[55]

[56]

Shahi et al.

Drug Dev Ind Pharm 2017; 43(4): 628-36.
[http://dx.doi.org/10.1080/03639045.2016.1275668]
28043167]

Kim HW, Lee HH, Knowles JC. Electrospinning biomedical
nanocomposite fibers of hydroxyapatite/poly(lactic acid) for bone
regeneration. J Biomed Mater Res A 2006; 79A(3): 643-9.
[http://dx.doi.org/10.1002/jbm.a.30866] [PMID: 16826596]

Kim HW, Kim HE, Salih V. Stimulation of osteoblast responses to
biomimetic nanocomposites of gelatin-hydroxyapatite for tissue
engineering scaffolds. Biomaterials 2005; 26(25): 5221-30.
[http://dx.doi.org/10.1016/j.biomaterials.2005.01.047]
15792549]

Azami M, Samadikuchaksaraei A, Poursamar SA. Synthesis and
characterization of a laminated hydroxyapatite/gelatin nanocomposite
scaffold with controlled pore structure for bone tissue engineering. Int
J Artif Organs 2010; 33(2): 86-95.
[http://dx.doi.org/10.1177/039139881003300204] [PMID: 20306435]
Chen P, Liu L, Pan J, Mei J, Li C, Zheng Y. Biomimetic composite
scaffold of hydroxyapatite/gelatin-chitosan core-shell nanofibers for
bone tissue engineering. Mater Sci Eng C 2019; 97: 325-35.
[http://dx.doi.org/10.1016/j.msec.2018.12.027] [PMID: 30678918]
Salifu AA, Lekakou C, Labeed FH. Electrospun oriented gelatin-
hydroxyapatite fiber scaffolds for bone tissue engineering. J Biomed
Mater Res A 2017; 105(7): 1911-26.
[http://dx.doi.org/10.1002/jbm.a.36058] [PMID: 28263431]

[PMID:

[PMID:

© 2022 The Author(s). Published by Bentham Open.

(©F0H

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1080/2314808X.2019.1586358
http://dx.doi.org/10.1016/j.sjbs.2020.11.020
http://www.ncbi.nlm.nih.gov/pubmed/33424374
http://dx.doi.org/10.3390/biomimetics7010004
http://www.ncbi.nlm.nih.gov/pubmed/35076470
http://dx.doi.org/10.1016/j.matdes.2020.108747
http://dx.doi.org/10.1177/0263617419828268
http://dx.doi.org/10.1080/03639045.2016.1275668
http://www.ncbi.nlm.nih.gov/pubmed/28043167
http://dx.doi.org/10.1002/jbm.a.30866
http://www.ncbi.nlm.nih.gov/pubmed/16826596
http://dx.doi.org/10.1016/j.biomaterials.2005.01.047
http://www.ncbi.nlm.nih.gov/pubmed/15792549
http://dx.doi.org/10.1177/039139881003300204
http://www.ncbi.nlm.nih.gov/pubmed/20306435
http://dx.doi.org/10.1016/j.msec.2018.12.027
http://www.ncbi.nlm.nih.gov/pubmed/30678918
http://dx.doi.org/10.1002/jbm.a.36058
http://www.ncbi.nlm.nih.gov/pubmed/28263431
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/

	Gelatin-hydroxyapatite Fibrous Nanocomposite for Regenerative Dentistry and bone Tissue Engineering 
	[Aims:]
	Aims:
	Background:
	Objective:
	Methods:
	Results:
	Conclusion:
	Other:

	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Preparation Method of Nano-Fibrous Scaffold
	2.2. Characterization of Nano-scaffold
	2.3. Cytotoxicity of Scaffolds
	2.4. Evaluation of ALP Activity
	2.5. Statistical Analysis

	3. RESULTS
	3.1. Scaffold Characterization
	3.2. Cytotoxicity
	3.3. ALP Activity

	4. DISCUSSION
	CONCLUSION AND FUTURE OUTLOOKS
	LIST OF ABBREVIATIONS
	LIMITATION OF STUDY
	AUTHORS' CONTRIBUTIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGMENTS
	REFERENCES




